Translational relevance
The biologic role of the HER-family in breast cancer is well established in the setting of HER2 amplification. In this study, we hypothesized that there is a population of postmenopausal women with hormone receptor-positive, HER2 negative, metastatic breast cancer (MBC) that could benefit from the addition of lapatinib, a dual epidermal growth factor receptor and HER2 inhibitor. We performed a quantitative assessment of estrogen receptor (ER) and progesterone receptor expression in a blinded retrospective review of clinical samples from a large randomized study of lapatinib plus letrozole versus letrozole/placebo. We identified that patients with tumors that had lower expression of ER by H-score had a significant improvement in progression-free survival with the addition of lapatinib to letrozole. These data may help identify a population of patients with ER+, HER2-ve MBC that might benefit from HER-pathway targeting, and provide a hypothesis and potential selection criteria for future studies in non-HER2 amplified MBC. 
INTRODUCTION
The challenges in novel drug development in cancer medicine are clear: while many molecular targets have been identified, predicting which patients will benefit from inhibiting those targets remains critical. With the exception of human epidermal growth factor receptor2 (HER2)-directed therapies, the integration of HER-family inhibitors into clinical practice for breast cancer has been elusive (1) . Clearly, HER2 amplification is a well-validated predictive marker for response to the small-molecule dual epidermal growth factor receptor (EGFR)/HER2 inhibitor lapatinib (2) and the humanized monoclonal antibody trastuzumab (3) . However, the role of the EGFR/HER1, its ligands, and co-receptors in breast cancer remains undefined. Of the other HER-family members, EGFR has been aggressively pursued with both small molecules (erlotinib, gefitinib, and lapatinib) and monoclonal antibodies (cetuximab) with disappointing efficacy (1) . These results led us to believe that: 1) EGFR does not play a critical role in the pathogenesis of breast cancer and therefore is not an important therapeutic target in breast cancer; 2) the available inhibitors are insufficient in blocking EGFR signaling in breast tumors; or 3) the population of breast cancer patients with EGFR-driven disease is smaller than expected and a biomarker(s) for patient selection is required.
The interplay between steroid hormone signaling and peptide growth factor signaling through the HER-family is well described in breast cancer (4) . Both expression of EGFR and HER2 amplification have been reported to mediate resistance to antiestrogen therapy in laboratory models and clinical studies (5) (6) (7) . These data have supported the rationale for pursuing the combination of HER family inhibition and antiestrogen therapy. In patients with HER2 amplification, studies with both trastuzumab and lapatinib have shown an improvement in progression-free survival (PFS) with the addition of anti-HER2 therapy in combination with anastrozole or letrozole, respectively (8, 9) . The latter study, EGF30008 (NCT00073528), was a randomized, placebocontrolled, phase III study of more than 1200 postmenopausal women with hormone receptor-positive disease (9) . Patients were randomized to receive either letrozole and lapatinib or letrozole and placebo. Two hundred and nineteen women were enrolled with centrally-confirmed HER2 amplification and this patient cohort received a significant improvement in PFS with the addition of lapatinib (hazard ratio [HR]=0.71; 95% confidence interval [CI]: 0.53, 0.96; P=0.019); median PFS was 8.2 versus 3.0 months, respectively. However, in patients with centrally confirmed, hormone receptor-positive, HER2-negative tumors (n=952), there was no improvement in PFS. A pre-planned Cox regression analysis to enrich for an EGFR-dependent clinical phenotype identified prior anti-estrogen therapy as a significant factor in the HER2-negative population. A nonsignificant trend toward prolonged PFS for lapatinib in combination with letrozole was seen in patients who experienced relapse less than 6 months since their prior tamoxifen discontinuation (HR=0.78; 95% CI: 0.57, 1.07; P=0.117). While this trend is of interest, it is not sufficient. The identification of a molecular marker for response to letrozole and lapatinib in HER2-negative breast cancer would be of potential great value.
Previous biomarker work by our group identified a correlation between quantitative hormone receptor measurements and response to lapatinib and paclitaxel in a cohort of women with advanced breast cancer (10) . While there were 493 patients evaluable in this study overall, unlike the current study, that focused on estrogen receptor (ER)-positive breast cancer, the prior study accrued all subtypes of breast cancer including hormone-positive and negative, HER2 amplified, and "triple-negative."
As a result, the number of samples in any given biomarker-defined cohort was small, thereby limiting the conclusions. This study did not identify any relationship between response to lapatinib and EGFR expression by immunohistochemistry (IHC). In addition, other studies have suggested a relationship between peptide growth factor signaling and hormone receptor status (11) , specifically, that progesterone receptor (PgR) loss in estrogen receptor ER-positive disease is associated with higher expression of EGFR and/or HER2. In addition, a presurgical study demonstrated cellcycle inhibition in ER-positive and PgR-weak or PgR-negative patients with breast cancer who were exposed to a short course of the EGFR inhibitor gefitinib (12) . The EGF30008 study provides the largest prospective cohort to date of a HER family inhibitor in HER2-negative metastatic breast cancer (MBC). To further test the hypothesis that semi-quantitative ER and PgR measurements are molecular markers for EGFR dependence, we performed a blinded, retrospective analysis of ER and PgR in HER2-negative breast cancer in the EGF30008 cohort. EGFR expression was not studied in this cohort based on the lack of any predictive value in earlier studies.
Research. 
MATERIALS AND METHODS

Patient selection
The eligibility criteria and study design for EGF30008 (NCT00073528) have been reported previously (Figure 1 Carpinteria, CA, USA) antibodies were used at 1:50 dilution (10 μg/ml) in 10% NGS.
Slides were washed in PBS, followed by antimouse secondary antibody (Dako Polymer Envision Plus, Dako; Carpinteria, CA, USA) for 30 minutes at room temperature. The chromogen used was diaminobenzidine, and slides were counterstained with ethyl green, passed through butanol, and dehydrated in xylene before mounting. Negative controls consisted of eliminating primary antibody, and positive controls were known ER-positive or PgR-positive cell lines that were pelleted, embedded, and cut. Known positive human tumors were used as well. Controls were included in each staining batch. In a blinded fashion, the samples were read and scored by light microscopy.
Tissue was scored (H-score) based on the total percentage of positive cells and the intensity of the staining (1+, 2+, or 3+), where H=(% 1+ x 1) + (% 2+ x 2) + (% 3+ x 3).
The sample was considered "negative" if H=0, and "positive" if H>0. A minimum of 100 cells were evaluated in calculating the H-score. All slides were reviewed by a single pathologist (MFP).
Calculation of H-score for ER and PgR
Semi-quantitative evaluation of ER and PgR was calculated using the H-score. Tissue 
Statistical analysis
The primary population for this biomarker analysis was the EGF30008 HER2-negative intent-to-treat (ITT) population, defined as all randomized patients regardless of whether they received study medication. The primary endpoint in EGF30008 was investigatorassessed PFS (defined as time from randomization until the earliest date of disease progression or death of any cause) in the HER2-positive population. PFS in the ITT hormone receptor-positive population was a secondary endpoint. Kaplan-Meier curves were generated for PFS and used to calculate median PFS. Estimates of treatment HRs based on log-rank tests and 95% CIs were calculated. Treatment arms were compared using log-rank tests. PFS analysis was repeated in the retrospectively defined subpopulations defined by hormone status.
RESULTS
Patient characteristics
Patient characteristics have been presented previously (Supplementary Table 1 
) (9).
Both treatment arms were well balanced on the basis of several clinical parameters.
Hormone receptor status and response to lapatinib in hormone receptor-positive, non-HER2-amplified MBC
We analyzed PFS in patients with non-HER2-amplified disease as a function of ER and PgR expression, using the H-score. ER and PgR expression in the non-HER2-amplified, hormone receptor-positive population is shown in Figure 2 with markers for the quartiles analyzed. As hypothesized, we sought to determine if there was a subgroup of patients, based on ER and PgR expression, that benefited from the addition of lapatinib to letrozole. Blinded to clinical outcomes data, Kaplan-Meier analysis was performed for hormone receptor status and PFS. Figure 3 shows the Kaplan-Meier curves for three groups of ER expression: quartile 1 (Q1, H-score<160, n=206), quartiles 2 and 3 (Q2/3, H-score ≥160 and <250, n=389), and quartile 4 (Q4, Hscore ≥250, n=226). For the patients in Q1, there was a significant improvement in PFS for patients receiving letrozole and lapatinib compared with those receiving letrozole and placebo (n=206; 13.6 vs 6.7 months; P=0.01; HR=0.65; 95% CI: 0.47, 0.91; Figure   3A ). For patients with higher intratumoral ER expression, there was no benefit from the Figure 3C ). Of note, the control group in the Q1 group had a worse outcome with letrozole and placebo than the other quartiles and the entire ITT population. The median PFS with the addition of lapatinib in this group of patients was similar to the median PFS of letrozole alone patients in the higher ER quartiles (13.6 months vs 14.2 months, respectively). The association between PgR expression and response to letrozole and lapatinib was not significant for any of the quartiles examined ( Figure 4) .
Confirmation of HER2 status in the ER-low population
The inverse association between HER2 amplification and hormone receptor levels is well established (15) . Given the benefit of letrozole and lapatinib in the HER2-amplified cohort and previous discrepancies with commercial HER2 testing (16, 17) , we sought to independently confirm the HER2 status of those patients designated as low ER (Q1) to avoid the erroneous conclusion that patients in Q1 were benefiting because of misclassification of HER2. A total of 326 blocks were available for confirmatory HER2 testing in an academic laboratory. Only 1 patient of the 326 evaluated was found to be HER2-positive in the academic laboratory when initially determined to be HER2-negative in the commercial central laboratory. This finding supports the observations that low ER expression and benefit from the addition of lapatinib to letrozole in non-HER2-amplified MBC are not a reflection of false negatives.
Hormone receptor status and prior endocrine therapy and response to lapatinib in HER2-negative patients As mentioned, a preplanned Cox regression analysis identified prior anti-estrogen therapy as a significant factor in the HER2-negative population and, a non-significant trend toward prolonged PFS for letrozole and lapatinib was seen in patients who experienced relapse <6 months since their prior tamoxifen discontinuation (HR=0.78; 95% CI: 0.57, 1.07; P=0.117). To determine if the classification by ER expression and findings on the Q1 benefit from letrozole and lapatinib was a method to identify patients with hormone-resistant disease (i.e., experienced relapse <6 months since their prior tamoxifen discontinuation), we analyzed the distribution of ER expression by prior antihormone treatment. Figure 5 shows the breakdown of ER quartiles by previous treatment. As observed, there is equal distribution of ER expression subgroups whether patients relapse in <6 months, ≥6 months or more, or never received antihormone treatment.
DISCUSSION
The role of HER family inhibitors in the treatment of HER-2 normal MBC is undefined.
Despite years of evidence alluding to the critical role of the HER family in breast cancer growth and development, only HER2, has been shown to be a clinical useful biomarker (9, (17) (18) (19) . Preclinical studies have suggested a role for HER-family signaling in the development of estrogen independence (4), resistance to anti-estrogen therapy (5), and have identified several mechanisms for cross-talk between ER signaling and peptide growth factor signaling (20) . In addition, clinical evidence suggests a role for increased HER signaling in de novo and acquired resistance to hormone therapies (4) . Given the ability of the tyrosine kinase inhibitors and antibodies evaluated in this area to successfully interact with their target, we concluded that either the HER family is not important in this group of patients or a predictive marker is required to identify these patients. In this article, we identified that low ER expression is a biomarker for benefit to letrozole and lapatinib in a large, blinded, retrospective, hypothesis-driven analysis of patients with non-HER2-amplified MBC treated in a randomized prospective study of letrozole and lapatinib versus letrozole and placebo. This analysis identified the low ER group as having an H-score less than 160 by using quartiles as a cut-off and was enough to enrich for a population that benefits from the combination therapy. H-score was used in these analyses rather than the Allred score given its broader dynamic range.
Research. Recent data have identified low ER expression as a marker of resistance to antihormone therapy. In a biomarker analysis of the adjuvant Arimidex, Tamoxifen, Alone, or in Combination study, using a similar approach to quantitate ER and PgR using the H-score, low ER expression was identified as being associated with a higher risk of relapse (21) . Based on that observation, and the observation in this cohort treated in the control arm with letrozole and placebo, women with lower intratumoral ER expression had a much shorter PFS than women with higher ER expression (6.7 vs 14.2 months), suggesting that low ER expression may be associated with less steroid hormone dependence. Therefore, it is possible that the low ER group is not steroiddependent and the disease is driven by peptide hormone (HER) signaling based on the significant benefit in this study with the addition of lapatinib. Further, given the reported inverse relationship between ER expression and HER2 amplification (15), we independently confirmed that this cohort was benefiting not because they were HER2-amplified due to poor HER2 testing, but, in fact, because this response is truly independent of HER2 amplification. However, since we analyzed only a single tissue block in each case we cannot exclude the possibility that some population of these breast cancers were heterogeneous with regard to HER2 gene amplification status.
Data prior to the development of the EGF30008 trial indicated that cross-talk between the HER family and steroid receptor family was important in breast cancer development and associated with the development of hormone resistance with worse outcomes (22) . Our previous analysis of EGF30001 (NCT00075270), a randomized trial of paclitaxel and lapatinib versus paclitaxel and placebo, enrolled both ER-positive and ER-negative patients with advanced breast cancer. As with EGF30008, there was no benefit to adding lapatinib in a HER2-unselected population. An analysis of quantitative ER and PgR expression identified that women with ER-positive disease and low PgR expression may derive benefit from the addition of lapatinib. This finding was consistent with other data sets suggesting that low PgR expression may be an indicator of EGFR and/or HER2 dependence (10, 11) . However, the biomarker evaluation of EGF30001 was limited by the small subsets available for analysis. Similarly, this study identified that low hormone receptor levels were associated with benefit from lapatinib; in the current study, low ER was associated with benefit, however, PgR was not. While this might appear to contradict the prior findings that suggested low PgR expression was associated with response, it is important to remember the cohorts were significantly different: EGF30001 combined lapatinib with paclitaxel, unlike EGF30008, which evaluated letrozole. In addition, EGF30001 resulted in smaller subsets of patients since it also enrolled ER-negative patients. Further, approximately 50% of the patients in the current study received prior tamoxifen before treatment with letrozole, which may have impacted the effect of the PgR predictive value. One of the strengths of the current analysis is that, even after the subsets were identified, there were still more than 200 patients in each group. It is also important to note that the majority of samples in this study were from original breast surgeries, not newly acquired biopsies of the metastatic site, suggesting that, in the first-line metastatic setting, material may still be adequate to predict response to therapy. The fact that all of the samples were scored for ER and PgR expression by a central pathologist may have mitigated the discordance in ER and PgR testing described in other studies. A recent retrospective analysis was conducted for two prospective randomized studies (total number was approximately 289) of the EGFR tyrosine kinase inhibitor gefitinib in a similar population of women with hormone receptor-positive, HER2-negative breast cancer. One study evaluated anastrozole and placebo versus anastrozole and gefitinib, and the second study evaluated tamoxifen and placebo versus tamoxifen and gefitinib. The analysis suggested that hormone therapy-naïve patients did better with gefitinib than placebo as compared with those previously treated with hormone therapy (23) . This was after no significant differences were found in the overall populations. This observation was not identified in EGF30008, where, in fact, there was a trend to benefit in patients that had early relapse after tamoxifen. A quantitative analysis of steroid hormone receptors was recently published, and, in support of our observation, there was greater benefit with gefitinib in patients who had lower levels of ER protein (24) .
These clinical studies support an interaction between hormone receptor signaling and HER-family signaling. Biologically, these two pathways are linked by common downstream effector molecules. Laboratory studies have tied both pathways to the PI3-kinase/AKT/mTOR and MAP-kinase pathway (25) . These include both liganddependent and independent mechanisms of ER activation. It can be hypothesized that in the low-ER tumors, that HER-family signaling is driving proliferation through these pathways. The poor-outcome with letrozole and placebo in the low ER expressing group 
HER family. The addition of lapatinib to this cohort could abrogate these endocrine escape mechanisms and explain the benefit seen in the low-ER group.
There are ongoing studies evaluating HER family inhibitors in combination with antihormone treatment in HER2-negative cohorts (NCT01068704, NCT01151215).
Given the disappointing results to date, the likelihood of a positive effect in an otherwise unselected population is not high. The data presented here suggest that the low ER population of HER2-negative patients may be the most likely to benefit from the addition of lapatinib to letrozole. Based on these data and the other studies mentioned above, it is hypothesized that lapatinib's activity in this population is from its anti-EGFR effects.
Lapatinib does have anti-HER2 activity; however, HER2-directed therapies have never demonstrated clinical activity in MBC outside of HER2 amplification. Using routine IHC techniques, we were able to quantitate hormone receptor expression and identify that this group of patients does poorly with letrozole alone as compared with patients with higher ER. In addition, this group gained a significant benefit with the addition of lapatinib. These data continue to build on previous data suggesting that a marker to identify HER-dependent patients, in the absence of HER2 amplification, is a quantitative measurement of hormone receptors using the H-score. Formal confirmation of these observations will require a prospective study.
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